Fluorescence spectra of various dilute solutions not influenced by the apparatus were obtained using appropriate correction curves. Moreover, the validity of the obtained correction curves is checked by comparing measured fluorescence spectra of standard organic dyes with their spectra reported in various sources. The corrected fluorescence spectra of newly synthesized 3,4,9,10-perylenetetracarboxylic acid derivatives are presented. The observed influence of the changes in the chemical structure of the side groups on their optical spectra is explained by the appearance of the charge transfer state below the first excited singlet state in N,N'-bis(4-diphenylaminophenyl)-3,4,9,10-perylenetetracarboxylic acid diimide (BDFAPhPI) solution, resulting in a huge decrease of the fluorescence efficiency compared to the N,N'-diphenyl-3,4,9,10-perylenetetracarboxylic acid diimide (BPhPI) solution.
Introduction
The main information on optical properties of dilute solutions of unknown or newly synthesized chemical compounds might be obtained from steady-state absorption and fluorescence spectra. Together with the steady-state absorption spectra, which provide the basic information on excited level arrangements, fluorescence spectra allow us to investigate vibrational distribution of the ground state, to determine the bandgap energy and position of impurity levels, to investigate charge recombination and energy transfer, as well as peculiarities of aggregation processes [1] . This information is extremely important for the newly synthesized compound characterization dedicated, for example, to the further efficiency and stability improvement of organic light emitting diodes and solar cells. Actually, some derivatives of 3,4,9,10perylenetetracarboxylic acid might be promising materials due to their very good light and chemical stability, high sensitivity to radiation in ultraviolet / visible / near infrared spectral regions. Some optical properties of diluted and concentrated solutions were revealed previously when analysing their absorption spectra [2] . But for the understanding of all optical properties, measurements of their fluorescence spectra are necessary.
Since the fluorescence spectrum of the molecule depends only on its intrinsic properties and, partially, on the environment, the fluorescence spectrum measured with any spectrometer will always differ from this "real" spectrum of the molecule due to the distortion by the registration instrument, which is caused by the detector efficiency and by the monochromator response dependences on the light wavelength. Although the distortion of the measured fluorescence spectra by the instrument is almost unimportant to the quantitative analysis, fully corrected fluorescence emission spectra are necessary for the accurate determination of the fluorescence band shape, for the evaluation of the quantum yields of various compounds, and peculiarities of aggregation and energy transfer processes. Moreover, since the instrument distortion of the spectrum varies when using different luminescence spectrometers, the fully corrected fluorescence spectra are very desirable for the comparison of results recorded by different instruments. The aim of this work is to obtain correction curves for the fluorescence spectrometer, which allows obtaining fluorescence spectra independent of the apparatus and to use these correction curves to correct fluorescence spectra of newly synthesized 3,4,9,10-perylenetetracarboxylic acid derivatives and to understand the influence of the changes in the chemical structure of the side groups on their optical spectra.
Materials
Solvents and reagents were reagent grade, except where noted. The synthesis and purification procedure of 3,4,9,10-perylenetetracarboxylic acid derivatives was described in detail in [3] . Their chemical structure is shown in Fig. 1 .
Laser grade dyes Rhodamine B and Sulforhodamine 101 were obtained from the Exciton company and used to prepare corresponding solutions in ethanol. Quinine Sulfate Dihydrate (Fluka AG 22640 Fluorescence Indicator, > 99%) was dissolved in 0.05 M H 2 SO 4 . The detailed description of the preparation of solvents, the method of the fluorescence spectrum measurement, and other useful information are presented in [1, 4, 5] . All measurements were performed in 1-cm quartz cells. Special attention has been given to the cell cleaning because of the extremely high sensitivity of the fluorescence method to any fluorescent impurity. To avoid obtaining erroneous data, ultrasonic purification in 2.5% Hellmanex II solution in distilled water with further sonification in ethanol was used for cell cleaning between measurements.
Experimental
Bulk linear absorption spectra were recorded with a double-beam, double monochromator UV / VIS / NIR Perkin Elmer Lambda 950 spectrometer using the 1 cm thick quartz cell. Luminescence spectra were collected with a commercially available luminescence spectrometer Perkin Elmer LS50B at room temperature using the standard quartz 1 cm cell holder in the right-angle excitation geometry. The right-angle excitation geometry for the low optical density solution measurement is the most suitable one since the scattering influence on the fluorescence spectra is minimized when using rightangle excitation geometry compared to transmission or front-face excitation geometries [6] .
Actually, it is not a simple procedure to measure the fluorescence correction curve directly. Even after the correction is applied, fluorescence spectra are expected to be accurate only to a few per cent. Therefore, uncorrected fluorescence spectra are often reported, which is quite reasonable for quantitative measurements, but cannot be used for the quantum yield evaluation or for the analysis of the energy transfer process.
One simple approach consists of the determination of the ratio between a synchronously scanned spectrum (the emission and excitation monochromators are simultaneously scanned) for a standard reflector and an energy profile obtained with a good quantum counter [1, 5, 7] .
An alternative relatively simpler method for spectra correction can be obtained by using a correction curve S(λ), which is the product of the relative efficiency of the analysing grating monochromator, as a function of the wavelength, and the relative quantum efficiency of the photomultiplier, which is also dependent on the wavelength, provided that both curves are well-known. This correction curve might be obtained by the registration of the emission of the calibrated light source with a well-known intensity distribution L(λ). For these purposes a tungsten filament lamp is usually used. Its wavelength distribution might be approximated by that of a blackbody lamp of equivalent colour temperature. The intensity of this lamp I(λ) over the whole wavelength interval is measured and then the ratio between this distribution and the well-known spectral output of the lamp is taken [1, 5, 7] :
This ratio provides a correction curve S(λ), which eliminates the influence of wavelength-dependent instrument parameters that affect the observed emission spectra of every sample. The corrected spectrum is calculated by dividing the measured spectra for the obtained correction curve. For quantum yield measurements, the corrected spectrum in energy units must be multiplied by the wavelength to obtain the corrected emission spectrum in photon units (E p ) [5, 8] :
where E(λ) is the signal for the emission spectrum in energy units per bandpass in wavelength units, E p (λ) is the signal for the emission spectrum in photon units per bandpass in wavelength units, and the other designations are for the emission spectrum in energy or photon units per bandpass in frequency (ν) units.
Results
Fluorescence emission spectra were corrected by applying an appropriate correction curve determined for the Perkin Elmer LS50B luminescence spectrometer using a standard black-body lamp as described in Refs. [5, 7] . These correction curves were obtained for the wavelength range from 300 to 850 nm using a standard black-body lamp Bentham CL2, assuming correlated colour temperature to be 3163 K. Firstly, the intensity of the standard lamp versus wavelength I(λ) was measured using the detection system consisting of the emission monochromator and the detector of the luminescence spectrometer. Then the "dark counts" were subtracted from the collected data. The "dark counts" measurement is necessary to compensate for the inherent background signal of the photomultiplier tube (PMT). To obtain this value, it is necessary to close the emission monochromator entrance slit for several seconds and to determine the background.
Next, the sensitivity of the detection system S(λ) was calculated according to Eq. (1) using the spectral output data L(λ) provided with the lamp, converted from the energy units (mW·m −2 ·nm −1 ) to the photon units. This correction curve eliminates the wavelength dependence of the detecting system that distorts the observed emission spectra and provides the corrected emission spectrum in photon units (E p ). This obtained curve for the fluorescence spectra correction is usually slit-independent for up to 6 nm wide slits, but sometimes might also be applied for up to 10 nm wide slits. Unfortunately, this correction curve does not provide correct results for wider slits for the correction of the instrument influence on the measured spectra due to light scattering and polarization peculiarities [9] . Figure 2 shows spectra measured with the Perkin Elmer LS50B luminescence spectrometer and calculated emission spectra of the standard black-body lamp Bentham CL2 with estimated correlated colour temperature of 3163 K. Spectra of the lamp emission were measured without any cut-off filter in the emission monochromator part (solid line) and also using several various cut-off filters (cut-off at 390, 430, and 515 nm, respectively). The necessity of the use of various cutoff filters on the emission side is caused by the construction peculiarities of this luminescence spectrometer. It consists only of the single excitation and single emission monochromators, which results not only in the appearance of harmonics of the excitation light at doubled frequencies, but also in considerable enhancement of the influence of the scattered light on the fluorescence spectra.
The collection of spectra was started from 300 nm because of the weak intensity of this calibration lamp in the UV region below this wavelength, and was finished at 850 nm because of the drop in the sensitivity of the photomultiplayer and also because of the drop in the gratings transmission in the NIR region. Figure 3 represents the corresponding correction curves for the Perkin Elmer LS50B luminescence spectrometer calculated according to Eq. (1) without any cut-off filter in the emission monochromator part (solid line) and using several various cut-off filters (cut-off wavelength at 390, 430, and 515 nm, respectively).
Before applying one of these corrections to the measured spectrum, it is necessary to eliminate the background of the fluorescence, which might originate from the fluorescence and scattering of the sample holder and, perhaps, even of the solution in which the sample is dissolved or suspended. In addition, the system "dark counts", originating from the PMT dark current, should also be compensated before applying general correction curves. An easy way to eliminate these problems is to perform a "blank scan". It has to be performed maintaining the same parameters (i. e., slit width, scanning speed, geometrical position of the cell, excitation wavelength, etc.) as during the measurement of the sample. In case of the diluted solution as a sample, it is better to use the same solvent for such background measurement. It has to be noted that exceptional attention should be given to the cell cleaning because of the extremely high sensitivity of the fluorescence method to any fluorescent impurity. This is especially true if it is necessary to perform many measurements of wellfluorescing dyes. In such case a special treatment of the cell cleaning should be undertaken before a new sample is processed. Otherwise, some erroneous data might be obtained, especially in quantum yield measurements.
After smoothing the "blank" spectrum (if necessary) seeking to improve the signal/noise ratio, it should be subtracted from the measured sample spectrum. This will yield a background-free spectrum, which is free from any fluorescent properties or aberrations related to the sample holder or the solution.
The comparison of background-free fluorescence spectra of Quinine Sulfate in 0.05 M H 2 SO 4 excited at 346.5 nm, of Rhodamine B in ethanol after excitation at 415 nm, and Sulforhodamine 101 in ethanol after excitation at 415 nm, measured with the LS50B spectrometer, with the corresponding corrected fluorescence spectra of these materials reported in various sources [4, 5, 8, 10, 11] are presented in Fig. 4 . Evidently, the obtained correction curves are acceptable since measured and corrected fluorescence spectra coincide quite well with the corresponding ones, reported in the literature as standard spectra. Figure 5 shows measured (dotted line) and corrected (solid line) fluorescence spectra after excitation at 400 nm as well as absorption spectrum (symbols) of the dilute (concentration c = 1.6·10 −6 M) BPhPI solution in chloroform. All these spectra are plotted on the wavenumber scale instead of the wavelength avoiding "deformation" of the spectrum, which takes place in the case of the wavelength scale. Although wavelengths were converted to wavenumbers just by taking the reciprocal, to convert the intensity on the wavelength scale I(λ) to the intensity on the wavenumber scale I(ν), it has to be multiplied by λ 2 because the bandpass in wavenumbers is not constant when the fluorescence spectrum is taken with constant wavelength resolution [5] , i. e.,
This multiplication results in the enhancement of the long-wavelength side of the fluorescence spectrum over the red-wavelength side as well as in the shift of the maximum position. Figure 6 shows the comparison of normalized fluorescence and absorption spectra of BPhPI and BDFAPhPI solutions in chloroform. It should be noted that the fluorescence efficiency of BDFAPhPI solution is almost 200 times weaker compared to the fluorescence of the BPhPI solution.
Discussion
Obtained correction curves might be suitable in the region of up to 700 nm, since they suddenly increase above this wavelength. As a result, we observed very good coincidence of our corrected spectra with corresponding fluorescence spectra reported in the literature [4, 5, 8, 10, 11] , enabling us to conclude that the quality of obtained correction curves is acceptable to these measurements (or at least is at the same level of precision, reported by other authors).
Larger difference might be seen only for the redtail of the Sulforhodamine 101 spectra. This is caused by the rapid drop by more than two orders of magnitude both of the detector sensitivity and emission monochromator transmittance above ∼750 nm. Therefore, 850 nm is the reasonable limit to the reasonable measurement of fluorescence spectra of this luminescence spectrometer. The suitability of this instrument for measurements in the 750-850 nm region should be evaluated with care, especially when subtracting the background, because even a small residual unsubtracted part of the background will cause a huge artificial signal, since it will be multiplied by the correction value hundred times larger compared to its value at 550 nm (i. e., in the most sensitive spectral region of the LS50B spectrometer) which is close to unity. Figure 5 shows corrected fluorescence spectra and absorption spectrum (symbols) of the dilute BPhPI solution in chloroform. The absorption spectrum has three distinctive maxima at 21867 cm −1 , 24107 cm −1 , and 26307 cm −1 , respectively. They are attributed to the vibronic bands of the first electronic transition. The fluorescence spectrum also possesses a very similar structure with three distinct maxima at 21403, 19203, and 17084 cm −1 , respectively. The Stokes shift is 464 cm −1 .
There is a prominent vibrational spacing of about 1400 cm −1 and approximate mirror-image relation between absorption and fluorescence bands, caused by the relatively small differences between the geometries and the solvation of the ground and excited singlet states, which is typical of rigid polycyclic aromatic molecules [12] . Once again, a good agreement with the mirror rule confirms the conclusion that the quality of the obtained correction curve is acceptable.
It should also be noted that BPhPI fluorescence in chloroform is very efficient. Its quantum efficiency might be even close to the efficiency of the Rhodamine B in ethanol, i. e., it might be close to unity. Figure 6 demonstrates the influence of the changes in the chemical structure on the fluorescence properties of 3,4,9,10-perylenetetracarboxylic acid derivatives. Despite differences in the chemical structure of these pigments, the position and the shape of optical spectra of BPhPI and BDFAPhPI solutions are quantitatively almost the same, i. e., no remarkable shift of the absorption or fluorescence spectra was observed, showing that the main optical transition took place just in the 3,4,9,10-perylenetetracarboxylic acid diimide fragment. But the fluorescence efficiency of BDFAPhPI solution is almost 200 times lower compared to the fluorescence of the BPhPI solution. Unfortunately, because of a very weak signal of the BDFAPhPI solution it is difficult to obtain a high quality fluorescence spectrum, but it might be concluded that in the first approximation the shape and position of the BPhPI and BDFAPhPI fluorescence spectra are very similar, allowing us to state that fluorescence takes place from corresponding lowest excited states. Just in the case of the BDFAPhPI, probably, a lower "dark" level exists, efficiently "stealing" excitation from the fluorescent locally excited singlet state. This "dark state" might be attributed to the non-fluorescing "twisted intramolecular charge transfer" (TICT) state [13, 14] formation, originated from the charge transfer from the 3,4,9,10-perylenetetracarboxylic acid diimide group to the diphenylaminophenyl group with a subsequent diphenylaminophenyl group twist after excitation. In such case the main part of the fluorescence originates from the untwisted molecular configuration.
Conclusions
Correction curves for a luminescence spectrometer were obtained under various registration conditions, and their validity was proved by comparing the measured fluorescence spectra of some fluorescence standards with corresponding spectra published in the literature. Corrected fluorescence spectra of new synthesized 3,4,9,10-perylenetetracarboxylic acid derivatives are presented, and the influence of the changes in the chemical structure of the side groups on their optical spectra is revealed. Although the position and the shape of optical spectra of BPhPI and BDFAPhPI solutions in chloroform quantitatively are almost the same, a huge difference in the fluorescence efficiency in these materials is evident. The qualitatively similar shape and position of optical spectra enable us to conclude that fluorescence is taking place from the locally excited singlet state in both molecules, but appearance of the twisted intramolecular charge transfer state below the first excited singlet state in BDFAPhPI effectively quenches fluorescence.
